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[1] Despite improvements in our understanding of the Southern Ocean air-sea flux of
CO,, discrepancies still exist between a variety of differing ocean/atmosphere
methodologies. Here we employ an independent method to estimate the Southern Ocean
air-sea flux of CO, that exploits all available surface ocean measurements for
dissolved inorganic carbon (DIC) and total alkalinity (ALK) beyond 1986. The DIC
concentrations were normalized to the year 1995 using coinciding CFC measurements in
order to account for the anthropogenic CO, signal. We show that independent of season,
surface-normalized DIC and ALK can be empirically predicted to within ~8 pmol/kg
using standard hydrographic properties. The predictive equations were used in
conjunction with World Ocean Atlas (2001) climatologies to give a first estimate of the
annual cycle of DIC and ALK in the surface Southern Ocean. These seasonal
distributions will be very useful in both validating biogeochemistry in general circulation
models and for use in situ biological studies within the Southern Ocean. Using

optimal CO, dissociation constants, we then estimate an annual cycle of pCO, and
associated net air-sea CO, flux. Including the effects of sea ice, we estimate a
Southern Ocean (>50°S) CO, sink of 0.4 + 0.25 Pg C/yr. Our analysis also indicates a
substantial CO, sink of 1.1 + 0.6 Pg C/yr within the sub-Antarctic zone (40°S—50°S),
associated with strong cooling and high winds. Our results imply the Southern Ocean
CO; flux south of 50°S to be very similar to those found by Takahashi et al. (2002), but
on the higher end of a range of atmospheric/oceanic CO, inversion methodologies. This
paper estimates for the first time basic seasonal carbon cycle parameters within the
circumpolar Southern Ocean, which have up to now been extremely difficult to measure
and sparse. The application of such an empirical technique using more widely available

hydrographic parameters in the Southern Ocean provides an important independent
estimate to not only CO, uptake, but also for other future biogeochemical studies.
Refining and testing these empirical methods with new carbon measurements will be
important to further reduce uncertainties and extend our understanding of Southern Ocean

CO, dynamics.

Citation: McNeil, B. L., N. Metzl, R. M. Key, R. J. Matear, and A. Corbiere (2007), An empirical estimate of the Southern Ocean
air-sea CO, flux, Global Biogeochem. Cycles, 21, GB3011, doi:10.1029/2007GB002991.

1. Introduction and Background

[2] One of the most pressing issues in understanding the
present-day carbon budget is determining the role of the
Southern Ocean. A discrepancy currently exists between
models and observations in estimating the Southern Ocean
CO, air-sea flux. General ocean circulation models [Matear
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and Hirst, 1999], atmospheric inverse models [Gurney et al.,
2002; Patra et al., 2005]; oceanic inverse models [Gloor
et al., 2003] all suggest the Southern Ocean (south of 50°S)
maintains a contemporary CO, sink of 0.1 to 0.5 PgClyr,
while oceanic pCO, measurements suggest a CO, sink of
0.5 to 0.7 PgCl/yr [Takahashi et al., 2002] (hereinafter
referred to as T02). It is important to note however that
the original manuscript from T02 used the 0.995 sigma
winds instead of the 10 m winds which was required in the
gas transfer relationships. Since the paper was published
T02 have revised their global air-sea fluxes using the 10 m
wind speeds (see http://www.ldeo.columbia.edu/res/pi/CO,/
carbondioxide/pages/air_sea flux revl.html). The cor-
rected flux estimates (herein referred to as T02corr) suggest
a Southern Ocean sink of ~0.35-0.45 PgC/yr south of
50°S. Atmospheric inverse modeling predictions are subject
to biases due to sparse regional atmospheric CO, record in
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the Southern Ocean and possibly unrealistic Southern
Hemispheric atmospheric transport [Gurney et al., 2002].
The pCO, observational network accumulated by TO02 in the
Southern Ocean is subject to sparse sampling and measure-
ment bias since most measurements have been taken during
the Austral summer. In order to fill the gaps throughout the
year, surface circulation vectors from a three-dimensional
ocean general circulation model were used. The seasonal
biases in the coverage of the data and the introduction of a
model adds uncertainty to the air-sea flux of CO, in the
Southern Ocean via direct pCO, measurements.

[3] Here we present an independent method for estimating
Southern Ocean CO, uptake that exploits empirical extrap-
olations of surface dissolved inorganic carbon (DIC) and
total alkalinity (ALK) from which pCO, can be calculated.
Although the methodology does not use pCO, directly, the
advantages to using DIC and ALK are two-fold. First, DIC
and ALK are mostly measured using discrete CTD Rosette
samples upon which a multitude of other parameters are
also measured including temperature, salinity, oxygen and
nutrients. Even though DIC and ALK are sampled sporad-
ically in space and time, direct relationships with these
other standard hydrographic parameters can be determined.
There are at least ten times as many hydrographic measure-
ments carbon, and these hydrographic data are explicitly
used to estimate a seasonal/annual cycle for DIC and ALK
thereby reducing the spatiotemporal biases. Continuous
pCO, measurements generally do not have corresponding
biogeochemical measurements. Secondly, DIC/ALK is
simpler to interpolate/extrapolate. Since the correlation
length/timescales are longer than for pCO,, they are less
sensitive to small-scale variability. The main disadvantage
in our approach is the requirement to calculate pCO, using
CO, dissociation constants, however a new analysis of over
1500 measurements provides considerable insight into the
uncertainty from this calculation.

[4] The World Ocean Circulation Experiment (WOCE)
and Joint Global Ocean Flux Study (JGOFS) measuring
programs for carbon (1991-1998) were the most extensive
attempt to understand the global oceanic carbon cycle. Even
so, carbon sampling in the Southern Ocean was sporadic in
both space and time. Considering that it is currently
infeasible to implement a Southern Ocean carbon measuring
program dense enough to cover seasonal variations, it is
important to explore empirical relationships that could be
used to predict carbon parameters via more widely available
properties such as temperature, salinity and nutrients.

[5] Oceanic dissolved inorganic carbon (DIC) and total
alkalinity (ALK) are carbon measurements that are best
suited to empirical relationships since during WOCE/
JGOFS they are taken on discrete bottles with coinciding
temperature, salinity, nutrients and oxygen measurements.
Wallace [1995] introduced the concept of using multiple
linear regression to predict DIC using various standard
hydrographic measurements within the interior of the ocean.
Goyet and Davis [1997] used this methodology to predict
DIC from temperature, salinity and oxygen measurements
below 500 m in the North Atlantic. A multiple linear
regression was used to develop an equation for DIC and
resulted in a standard error of about 7 pmol/kg using DIC
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measurements from the mid-1980s from the TTO program.
Lee et al. [2000b] extended this approach to the global
surface ocean using DIC measurements from the OACES
program (late 1980s) and some of the WOCE program
(early 1990s). By using temperature and nitrate they found
DIC to be predicted to within about 8 mol/kg and ALK to
within about 15 pumol/kg on an area-weighted average.
Although these studies highlight the potential use of
empirical techniques to predict DIC on large scales, the
effects of anthropogenic CO, uptake was not included and
only a sparse amount of carbon data could be used for the
Southern Ocean. The storage of anthropogenic CO, in the
Southern Ocean (south of 40°S) has been shown to be up to
0.8 pumol/kg/yr [McNeil et al., 2001], which would imply a
DIC change of up to about 9 umol/kg over the period used
by Lee et al. Considering the winter to summer changes of
DIC within the Southern Ocean to be of the order of 20—
30 pmol/kg, the bias due to inadequately correcting for the
anthropogenic CO, increase is not negligible. Recently,
Bates et al. [2006] used a linear empirical technique in
the Indian Ocean to estimate air-sea fluxes and net commu-
nity production. By using carbon measurements taken
between December 1994 and January 1996, avoids the
previous problem of requiring to correct for the anthropo-
genic CO, signal since over 1 year the changes to DIC
would be particularly small. However, if one uses carbon
data collected over a 10 year period, then correcting for the
anthropogenic CO, signal is warranted.

[6] Our methodology (and the structure of this paper) to
estimate the air-sea CO, flux in the Southern Ocean follows
a stepwise procedure.

[7] 1. A predictive empirical relationship for DIC
and ALK is developed that uses all available carbon
measurements over the past two decades where DIC has
been normalized to a common year (1995) using CFC
measurements.

[8] 2. The predictive relationship is exploited by using all
available hydrographic properties from the World Ocean
Atlas 2001 in order to estimate an annual cycle of DIC and
ALK for the year 1995.

[¢] 3. We then use over 1500 new measurements with
corresponding DIC, ALK and pCO, to determine the
optimal CO, dissociation constants to use for our study.

[10] 4. The annual cycle of pCO, for 1995 is then
calculated using the optimal CO, dissociation constants
and compared to the pCO, climatologies of T02.

[11] 5. The final step was to use global wind products and
gas exchange velocities to estimate a net uptake of CO, in
the Southern Ocean including the effects of sea ice. A
careful uncertainty analysis precludes a final estimate of
CO, uptake in the Southern Ocean and a comparison to
other independent results.

2. Data and Consistency

[12] For this study we use all available DIC measurements
that have con-current temperature, salinity, oxygen and
nutrient observations south of 40°S since 1986 (Figure 1).
The cruises used cover both Austral summer and winter in
the Southern Ocean with about 68% of samples being in the
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Figure 1. Surface carbon measurements used in the study. Crosses denote locations of all DIC

measurements while circles denote ALK measurements.

period between November and March. A recent synthesis of
global oceanic carbon measurements has been published
[Key et al., 2004] along with its public availability (http://
cdiac.ornl.gov/oceans/glodap/Glodap home.htm). Measure-
ments of DIC and ALK made throughout WOCE and
JGOFS have undergone careful checks for consistency
[Johnson et al., 1998; Lamb et al., 2002] along with
comparison to Certified Reference Materials that have been
made available [Dickson, 2001].

3. Methodology

3.1. Empirical Prediction of Surface DIC and ALK
Concentrations

[13] Over the period in which DIC measurements were
collected (1986—1997), atmospheric CO, increased from
345 to 362 ppm via anthropogenic CO, emissions. As a
result the DIC concentration in the Southern Ocean will
have changed depending on the location and year it was
sampled owing to storage of anthropogenic CO,. The first
step in our approach was therefore to normalize the DIC
data to a common year (1995) to account for this. For the
normalization we use the CFC-age technique which is
described in detail elsewhere [Matear et al., 2003; McNeil
et al., 2003]. On the basis of knowledge of the surface
alkalinity concentrations and atmospheric CO, history, the
changes in DIC between two time periods (t1 and t,) can be
determined via

DIC(t,) — DIC(t;) = DICy(S, T, ALK, fCO>(t, — 7)) 0
— D[ng(s7 T,ALK(),fCOz(Zl — 7'))7
where DIC(t,) - DIC(t,) is the change in DIC from year (t)
to year (t,) due to the anthropogenic CO, uptake, DIC,, is
the equilibrium concentration when last at the surface ocean

with a given atmospheric CO, concentration (fCO,), T is
the temperature, S is the salinity, ALK, is the preformed
alkalinity and 7 is the water mass age in years. Under steady
state conditions ADIC ranged from 0—10 pmol/kg. These
estimates were applied to the DIC data in order to normalize
all data to the nominal year of 1995.

[14] With surface DIC measurements normalized to a
common year, a linear least squares regression was con-
ducted using various independent parameters as predictors.
Multiple linear regression (MLR) has been widely used to
account for large-scale variations in oceanic DIC [Bates et
al., 2006; McNeil et al., 2001; Slansky et al., 1996; Wallace,
1995]. The regression equation for DIC is represented by:

DIC,ps = ap + > ;P; + &;, where ¢ are the partial

regression coefﬁéfe:lrlts for n independent parameters (P;),
« 1s the intercept and ey are the residuals. Each regression
was applied to the upper 55 m of data south of 40°S. Table 1
shows the outcome of the MLR. The “best” regression was
chosen by maximizing the adjusted coefficient of determi-
nation (R?) while minimizing the standard error of the fit.
As DIC is a nonconservative parameter dependent on
biological processes, the addition of nonconservative
parameters including O,, NO3 and SiO4 improves the fit
progressively (Table 1). The final resulting fit for DIC uses
5 parameters (T, Sal, O,, NO3 and SiO,) with a standard
error of ~8 pmol/kg and an adjusted R? of 0.98 (Figure 2).
Not including a correction for anthropogenic CO, increased
the uncertainty only slightly (Table 1). Without the need
for correcting the anthropogenic CO, signal via coinciding
CFC measurements makes available an additional 1700 DIC
measurements for use. The larger number of available DIC
samples will partially offset the added uncertainty of not
including a correction for anthropogenic CO,, however
without correcting for anthropogenic CO, increased the
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Table 1. Results of the Multiple Linear Regression for DIC in the Surface Southern Ocean

Standard
Temperature, 0,, N, P, Sil, Error,
y-int °C Sal pmol/kg pmol/kg pmol/kg pmol/kg R, pmol/kg n
2136.5 —7.4 - - 1 - - 0.9 16 1035
353.4 —6.8 51.1 - 2.9 - - 0.97 9.2 1034
908.9 —9.3 36.6 - - - 0.2 0.96 10.9 1034
743.7 —-8.3 42.7 -0.3 2.7 - - 0.97 8.6 1033
4442 —6.8 48.2 - - 459 - 0.97 9 1034
580.8 —52 43.9 - 3.1 - 0.3 0.97 8.5 1033
687.9 -7.8 43.7 —0.2 2 13.7 - 0.97 8.5 1032
883.9% —6.6 37.7 —0.3 29 - 0.3 0.98 8 1032
817 —6 38.7 —0.2 2 17.7 0.3 0.98 8 1031
871° —5.6 38.6 —0.4 4.4 - 0.2 0.96 9.8 2785

“Final fit used for this study.
°Fit without anthropogenic CO, correction.

uncertainty by 2 umol/kg (Table 1), although the empirical
fit itself changed minorly. The addition of phosphate as an
independent parameter did not improve the fit significantly
owing to the high covariance with nitrate. To investigate the
seasonal dependence we also separated Austral summer
(November—March) and Austral winter (April-—October)
data and found little change in the DIC fit (Figure 2).
DIC measurements taken over different years may also
have a discernible interannual signal. For example,
Jabaud-Jan et al. [2004] show signals of DIC interannual
variability in the South Indian of ~5—10 wumol/kg. They
found that these variations were mostly controlled by
changes in primary production. The MLR methodology
used here will average these interannual variations, espe-
cially given the span of time when the DIC measurements
were collected (1986—1997).

[15] Carbon dynamics and variability are due to three
processes: mixing, air-sea CO, exchange and biological
production. Ideally the parameters used to empirically
predict DIC need to adequately capture the variability
induced by these processes. Temperature and salinity are
important since they characterize the large-scale physical
oceanographic structure of the surface Southern Ocean.
Oxygen and nutrients are controlled by mixing and biolog-
ical production, but oxygen contains an air-sea exchange
signature and therefore these properties contribute to the
predictive capabilities of the fit for DIC. One of the
main assumptions involved in multiple linear regression is
that the independent parameters are linearly capable of
predicting the dependent parameter (DIC). If this assump-
tion is correct then the ¢; should be normally (Gaussian)
distributed. Additionally, there should be no clear relation-
ship between the residuals and any omitted independent
parameter. This would indicate either biases in the measure-
ments or suggest other processes have not been accounted
for in the regression model. The residuals to the final
fit maintain a Gaussian behavior around a mean DIC value
of 0 (Figure 2), which is the first test that the linear
assumption holds for our model. The spatial distribution
of the residuals also show no clear pattern related to either
water masses or processes that have not been accounted for
(Figure 2). One of the criteria used to determine our
empirical fit for DIC was that concurrent CFC measurement
was available so as to normalize all measurements to the

year 1995. As an added test we compare these independent
DIC measurements to those predicted using our empirical
fit and find no evidence for spatial patterns or biases
(Figure 3).

[16] Surface alkalinity has been shown to closely follow
the salinity distribution in the Southern Ocean [Jabaud-Jan
et al., 2004; Metzl et al., 1999; Millero et al., 1998].
We explored empirical predictions of surface ALK using
four times the number of surface measurements (~1200)
previously available to Millero et al. [1998]. We found the
inclusion of salinity, nitrate and silicate improved the
empirical estimations to within 8.1 pumolkg (Figure 2),
described by the equation; ALK = 678.5 + 46.6 x §+ 0.8 x
Nit + 0.3 x Sil, R* = 0.74. As opposed to DIC however,
there is some indication of spatial patterns to the residuals,
particularly in the low latitudes (Figure 2). Alkalinity varia-
tions are controlled by mixing, dilution and CaCO; produc-
tion/dissolution, although CaCOj; production is small in the
Southern Ocean on the basis of surface budgets [Sarmiento
et al., 2002] and from sediment trap data [Trull et al., 2001].
Salinity is independent to CaCOj; production and introducing
temperature to our empirical fit made no difference to its
predictive capabilities.

[17] A recent study found similar uncertainty to our
empirical fit for ALK, using salinity and temperature [Lee
et al., 2006]. Although those relationships are undisputed
from a spatial extent, we found temporal biases when using
temperature as a variable in our empirical model. The
inclusion of temperature induced an erroneously large
seasonal cycle of ALK, particularly in the SAZ, which is
not seem in previous observations or those used here
(Figure 3). Owing to this fact, we excluded temperature
from our empirical estimation which resulted in no worse
uncertainty for our fits. More ALK observations in the
Southern Ocean will be extremely valuable in reducing
our predictive uncertainties.

3.2. Extrapolation of DIC and ALK

[18] The 2001 World Ocean Atlas includes over 52000
surface measurements in the Southern ocean that were used
to develop a seasonal climatology for temperature, salinity,
oxygen and nutrients. This climatology is used in conjunc-
tion with the empirical fits for DIC/ALK to estimate the
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Figure 2. (a) MLR for surface Alkalinity using temperature and salinity as predictors: ALK = 678.5 +
46.6 x S+ 0.8 x Nit+ 0.3 x Sil, SE = 8.1 umol/kg, and (b) MLR for surface DIC measurements using
temperature, salinity, oxygen, nitrate, phosphate and silicate as predictors, DIC =883.9 — 6.6 x 0+ 37.7 x
Sal — 0.3 x O, +2.9 x Nit+ 0.3 x Sil; SE = 8.5 umol/kg. Blue denotes summer measurements while red
denote winter measurements. (c, d) Spatial pattern of the residuals to the empirical fit. (e, f) Histograms of

the residuals for DIC and ALK fits.

seasonal distribution of both DIC and ALK in the Southern
Ocean. If the climatological data set reproduces the
observed seasonal variability of temperature, salinity, oxygen
and nutrients exactly then DIC should be predicted to within
~8 pumol/kg while ALK to within ~10 pumol/kg. However,
systematic (temporal and spatial) biases in the WOAO1
climatology as well as our carbon data are inevitable. We
use 5 parameters in estimating DIC empirically and any

systematic bias due to the lack of data coverage in the
WOAOI1 climatology will express itself directly in the DIC
extrapolation. To explore these possible biases we compare
the observed zonal average seasonal DIC concentrations to
those predicted empirically via our empirical extrapolation.
The structure, magnitude and seasonal drawdown in our
extrapolated DIC compares relatively closely to the obser-
vations (Figure 3) with some slight deviations during winter.
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Figure 3. All (a) DIC and (b) ALK measurements (xzmol/
kg) for summer (red) and winter (blue). The zonally
averaged predictions from our methodology are shown by
the solid colored lines.

The good comparison implies that the possible systematic
biases introduced in using the WOAOI1 temperature, salinity,
oxygen and nutrient climatology is relatively small and
gives us confidence in our predictive extrapolations for
DIC on the larger scale.

3.3. The pCO, Calculations and Optimal Dissociation
Constants

[19] Oceanic measurements of inorganic carbon include
four species: dissolved inorganic carbon (DIC), alkalinity
(ALK), partial pressure of CO, (pCO,) and pH. Any two of
these species may be used to determine the concentration of
the other species via carbonate chemistry equilibria calcu-
lations. Dissociation constants for CO, chemistry are a
prerequisite to calculate other inorganic carbon species.
Many different constants have been proposed. The most
direct way of investigating the optimal set of constants is
through the analysis of discrete carbon measurements of
DIC, ALK and pCO, that have been gathered on a single
sample. In this way pCO, can be calculated from DIC and
ALK and then compared with the pCO, measurements to
investigate different sets of dissociation constants. Using
this method [Lee et al., 2000a] analyzed dissociation
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constants proposed by Roy et al. [1993] and Mehrbach
et al. [1973] as refit by Dickson and Millero [1987]
(hereinafter referred to as DMS87) on 5 sets of oceanic
carbon measurements and recommended the use of those
proposed by DM87. Here we compliment these other
studies by analyzing over 1500 surface measurements in
the Southern Indian Ocean to identify the optimal CO,
dissociation constants for our study.

[20] Two cruises were conducted during year 2000 in the
south-western Indian Ocean onboard the R.S.S. Marion-
Dufresne (IPEV/TAAF) as part of the OISO program
(Océan Indien Service d’Observations, INSU/IPSL):
one during austral summer (January 2000), one in winter
(August 2000). Over 1500 continuous sea surface samples
were measured for temperature (SST), salinity (SSS), fluo-
rescence, CO, fugacity (fCO,), total dissolved inorganic
carbon (DIC) and total alkalinity (TA). These data are
discussed by Metzl et al. [2006].

[21] To determine the optimal dissociation constants we
calculated fCO, using the measured SST, SSS, DIC and
ALK and compared those to the measured fCO,. Climato-
logically derived surface phosphate and silicate concentra-
tions were also used in the calculations, which were found
to be important for alkalinity due to high concentrations in
the Southern Ocean. Four sets of dissociation constants
were tested [Dickson and Millero, 1987; Goyet and Poisson,
1989; Hansson, 1973; Roy et al., 1993]. The analysis
confirmed the optimal dissociation constants to be those
proposed by DM87 which adds considerable weight to the
conclusions of previous studies [Lee et al., 2000a; Millero
et al., 2002] considering the large number of samples
(n = 1563) used. The main benefit of our results however,
is that we can directly attribute an uncertainty (3.6 =3 patm:
see Figure 4) to our pCO, calculations that can then be used
explicitly within our Monte Carlo uncertainty analysis of
the Southern Ocean net air-sea CO, flux.

[22] In calculating the pCO, distribution (Figure 5) using
DM&87 dissociation constants we included the seasonal
phosphate/silicate concentrations within the definition of
alkalinity, which was found to be important. We calculate
the pCO, in the surface ocean for each 1° x 1° grid box
over each season, where austral winter is taken to be
between months between June to August, spring (September
to November), summer (December to February) and autumn
(March to May).

3.4. Flux Calculation

[23] The air-sea CO, flux is determined via F =
ka(ApCO,), where k = gas transfer coefficient, o =
solubility of CO, in seawater, and ApCO, = the difference
between oceanic pCO, and atmospheric pCO,. Atmospheric
pCO, is computed using the CO, concentration in dry air
for the year 1995 from the GLOBALVIEW database
[GLOBALVIEW-CO2, 2003]. A correction was applied to
convert the dry air concentrations to wet air concentrations
in the same manner as that of TO2 in order to equate
the aqueous pCO, concentration in the ocean to that of
the atmosphere. Furthermore, variations in atmospheric
pressure were also taken into account by using the clima-
tological monthly mean barometric pressure. We use daily
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Figure 4. Histogram of fCO, (calculated) - fCO, (observed) for both summer and winter cruises using
the CO, dissociation constants from Mehrbach et al. [1973] as refit by Dickson and Millero [1987]. The
number of samples were 1563 with the difference being 3.6 + 3 patm using the optimal dissociation

constants.

NCEP 41-year mean 10 m wind speeds averaged for each
season along with the [Wanninkhof, 1992] gas transfer
velocity relationship for our air-sea flux estimates. We
quantify sea-ice impacts on the CO, flux in the Southern
Ocean using the monthly averaged sea-ice concentrations
for the Southern Hemisphere derived from the Nimbus-7
Scanning Microwave Radiometer (SMMR) and the Defense
Meteorological Satellite Programs DMSP-F8, F-11and F-13
and a bootstrap algorithm. The CO, flux was assumed
proportional to the percent ice-free area within each 1° x
1° grid box. This differs from T02 who set the flux to 0 for
regions with ice coverage greater than 50%.

4. Results and Discussion

4.1. General Southern Ocean Carbon Dynamics:
Links to Ocean Ventilation

[24] The Southern Ocean is broadly characterized by three
different oceanic regimes separated by fronts defined by
strong meridional property gradients. From south to north
the fronts are: the Polar Front (PF), the sub-Antarctic Front
(SAF) and the subtropical Front (STF) [Orsi et al., 1995]
(Figure 5). The oceanic regions bounded by these fronts
(and Antarctica) include: the Antarctic Zone (AZ), the Polar
Frontal Zone (PFZ) and the sub-Antarctic zone (SAZ).
Surface inorganic carbon concentrations are largely deter-
mined by large-scale mixing processes within each region.

[25] Figure 5 shows the estimated surface DIC, ALK and
pCO, concentrations for winter and summer. The Southern
Ocean is usually regarded as longitudinally homogenous
area dominated by the circumpolar ACC transport. For
carbon dynamics, our results suggests strong regional
differences in both seasonality and spatial structure partic-
ularly in the AZ. Higher DIC concentrations during
the winter (associated with enhance vertical mixing) are

observed with summer drawdown of DIC (associated with
biological production). Although there is considerable spatial
variability in our empirical extrapolations, we find the Polar
Front (Figure 5) to be a distinctive marker between DIC
rich water to the south and more carbon-depleted water to
the north. Surface ALK shows a smaller seasonal change
(0-20 wmol/kg) than DIC (0—-60 pmol/kg) most likely
due to the predominance of organic carbon export over
inorganic carbon export in the Southern Ocean [Sarmiento
et al., 2002]. Zonally averaged DIC concentrations for
winter increase from about 2060 to 2200 pmol/kg between
40°S and 70°S, with a summertime depletion of between
30 and 50 pmol/kg and are consistent in structure and
magnitude to the available DIC measurements (Figure 6).
[26] There are clear links between the seasonal carbon
dynamics and known areas of deep water ventilation and
Antarctic bottom water formation regions. In the Weddell
Sea and southeast Pacific, the seasonal winter to summer
change (<80 pmol/kg) appears higher than in the South
Indian (Figure 6). This is consistent with the few seasonal
observations in the Pacific [Rubin, 2003] and Indian Ocean
[Metzl et al., 2006]. The pCO, change from winter to
summer shows particularly interesting structure in the AZ,
coinciding with the carbon rich waters estimated from our
DIC/ALK extrapolations. Localized intense high pCO,
events (~420 patm) are estimated during the winter in the
Weddell Sea and also along the Adelie-land coastline, both
of which are know bottom water regions [Rintoul, 1998].
[27] Regional biases within the WOAO1 database trans-
late directly into our pCO, estimates. It would therefore be
unwise to use our estimates to investigate small-scale
regional variations in either pCO, or the air-sea CO, flux.
Although it would be premature to definitively conclude
that strong wintertime deep-water ventilation is linked to
intense CO, outgassing, these areas coincide well with our
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Figure 5. (a) Winter surface DIC concentrations (umol/kg) as extrapolated using our methodology,
(b) summer DIC concentrations, (c¢) winter ALK concentrations, (d) summer ALK concentrations,
(e) winter pCO, estimate, and (f) summer pCO, estimate. The STF is the subtropical front, SAF the sub-
Antarctic Font and PF the Polar Front. These front definitions are from Orsi et al. [1995].

understanding of the physical oceanographic processes
within the Southern Ocean. During autumn/winter, cooling
induces deeper convection which ‘ventilates’ old circum-
polar deep water (CDW). These deep waters are rich in
inorganic carbon and nutrients due to accumulation of
remineralized organic matter. The CO, source south of
60°S during autumn/winter from our results is most likely
due to this CDW ventilation and associated outgassing.
Wintertime outgassing due to ocean ventilation was not
evident in previous large-scale analyses and deserves further

investigation particularly considering the potential impact of
enhanced stratification in these areas due to climate change.

[28] During summer (Figure 5) the region south of the PF
shows a sustained lowering of pCO, relative to the atmo-
sphere. Stable mixed layers and sea-ice dynamics promote
considerable biological production in the Antarctic Zone
[Gibson and Trull, 1999; Nicol et al., 2000; Sweeney, 2003 ]
as is also identified by an 80 pmol/kg drawdown in surface
DIC in certain regions (Figure 6). The spring/summer
drawdown in pCO, in the AZ more than offsets the source
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Figure 6. (a) Change in surface DIC concentrations (umol/kg) from winter to summer and (b) change in
surface ALK concentrations from winter to summer (i.e., winter-summer).

during autumn/winter as the annual average ApCO, is in
quasi-equilibrium (—10 to 0 patm) with the atmosphere for
the AZ (see Figure 7).

[20] The Polar Frontal Zone (PFZ) is at the core of the
eastward flowing Antarctic Circumpolar Current (ACC) and
is characterized by strong lateral mixing and relatively low
biological production [Rintoul and Trull, 2001] as indicated
by a relatively low seasonal DIC depletion (~20 pmol/kg)
in comparison to other zones (Figure 6). However, sediment
trap data suggests relatively high organic carbon fluxes
[Trull et al., 2001] south of Australia. High mixing
may possibly be masking the DIC depletion attributed to
biological production. Our annually averaged PFZ results
maintain a surface pCO, ~10 patm lower than the atmo-
sphere indicating a weak sink (see Figure 7).

[30] The transition from the PFZ to the Sub-Antarctic
Zone (SAZ) is quite distinct (Figure 5) with the SAZ
maintaining a pCO, that is ~30 patm lower than the
atmosphere. The SAZ is characterized by deep convective
mixed layers (>500 m) during winter and relatively stable
shallow mixed layers during summer [Rintoul and Trull,
2001]. These deep mixed layers formed during winter are
subducted northward below poleward moving subtropical
waters (Figure 7). This relatively stable pycnostad is known
as sub-Antarctic Mode Water (SAMW) and extends up to
the subtropical gyres, while Antarctic Intermediate Water
(AAIW) is also thought to form in the southeastern Pacific
SAZ via anomalously cooler and fresher convection
[McCartney, 1977]. This strong convective mixing in the
winter usually resets oceanic pCO, to be in equilibrium with
the atmosphere [Metz! et al., 1999]. Our estimates show that
the SAZ maintains a strong sink all year, not consistent with
direct pCO, observations and an attempt will be made later
in the paper on why this is the case.

4.2. What is Driving the Seasonal Variations in pCO,?

[31] The major properties which influence the seasonal
pCO, change are known from our methodology (SST,

Salinity, DIC and ALK). We can therefore perform a simple
decomposition in order to understand which properties are
most critical. The change in pCO, between winter and
summer (ApCO,) can be written as

8pC02
35ST ASST +

8]) Ci 02
0ALK

8pC02
95al ASal

6pC02
AALK + oDIC

ApCO, =

+

ADIC. )

Each component in this equation was calculated by holding
the other three components constant, so as to determine the
relative influence of each property on the winter to summer
change in pCO,.

[32] Figure 8a shows the winter to summer pCO, distri-
bution. Within the AZ, winter values are up to 40 patm
higher than summer, consistent with previous observations
and physical oceanographic understanding of wintertime
ventilation bringing high pCO, to the surface. However, as
previously noted, our estimates suggest the wintertime
pCO, levels are up to 20 patm lower than summer values
particularly in the South Pacific and central Indian. Lower
wintertime values of pCO, have not been observed and are
inconsistent with deep wintertime convective mixing which
would elevate pCO, in the SAZ during the winter. The
decomposition is particularly useful in trying to explain why
our estimates suggest very low wintertime values of pCO,
in the SAZ. Figures 8b—8d shows the relative contribution
of each property in driving the winter-summer pCO,
difference. Salinity is not shown because it had a negligible
influence in comparison to the other three components.
Figure 9 shows a zonal plot of the contributions of each
parameter to the winter-summer pCO, difference.

[33] Seasonal changes in temperature impact the pCO,
considerably owing to solubility effects. Seasonal cycle of
temperature is more pronounced moving north into the
SAZ, while seasonal temperature changes are small in the
AZ (Figure 8b). Strong winter cooling lowers pCO, in the
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Figure 7. Zonally averaged annual delta pCO, distribution (sea-air) based on our results in relation to
Southern Ocean zoning (Sub-Antarctic Zone, Polar Frontal Zone, and Antarctic Zone) and circulation
pathways (AABW, Antarctic Bottom Water; CDW, Circumpolar Deep Water; AAIW, Antarctic
Intermediate Water; SAMW, Sub-Antarctic Mode Water).

SAZ, by up to 70 patm in winter, with the largest influence
in the Pacific sector of the SAZ. Farther south, the temper-
ature influence decreases to be less than 20 patm.

[34] Winter to summer drawdown in DIC will also have
an important impact on the seasonal pCO, changes. As
shown previously, seasonal changes of up to 80 pmol/kg are
found in the South Atlantic (Figure 6) and as expected is the
strongest influence on the winter to summer change is pCO,
(Figure 8c). Winter increases in DIC due to enhanced
vertical mixing in comparison to the low values during
summer due to biological productivity increase pCO, every-
where in the Southern Ocean up to +150 patm. The AZ
shows the largest influence due to DIC with other regions
like the SAZ showing far less DIC influence on driving the
seasonal pCO, changes (<+50 patm). These strong DIC
increases more than offset the lower pCO, due to cooling,

particularly in the AZ (Figure 9). However, in the SAZ, the
DIC effects are not large enough to offset the strong
temperature induced signal on the seasonal pCO, cycle.

[35] Alkalinity, as expected has a larger influence on the
pCO; cycle farther south in the AZ, where inorganic
biological production is known to occur, as opposed to
the SAZ. In the AZ, we find that there would much larger
winter outgassing of CO, if not for the significant draw-
down (<60 patm) relating to ALK changes on the pCO,
cycle.

[36] Lateral mixing within the SAZ will also have an
important influence on the pCO, cycle which the current
decomposition cannot elucidate. The degree to which sub-
tropical waters influence the sub-Antarctic zone is important
for CO, uptake as they cool and lower their pCO, while
moving southward into the SAZ. Extensive biological
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Figure 8. (a) Seasonal difference between winter and summer pCO, (patm) calculated from our
empirical methodology. Red indicate regions where winter pCO, is higher than summer, while light blue/
green indicate regions where winter pCO, is lower than summer. (b) Winter to summer changes in pCO,
due to sea surface temperature. (c¢) Winter to summer changes in pCO, due to DIC. (d) Winter to summer
changes in pCO, due to ALK (see equation (2) in text for clarification).

production occurs in the SAZ during spring/summer, as
shown via nutrient analysis [Lourey and Trull, 2001] and
sediment trap data [Trull et al., 2001]. The extent to which
the SAZ acts as a CO, sink is also dependent on the strength
of meridional Ekman transport across the PFZ. This trans-
port has been found to have a significant influence on
interannual air-sea flux variability [Rintoul and England,

2002]. A predominance of Ekman fluxes across the PFZ
would elevate the pCO, in the SAZ and this is not
consistent with our annually averaged estimates.

[37] Our decomposition analysis illustrates a number of
important considerations in understanding the seasonal
CO, cycle. First, upwelled deep waters in the AZ bring
high DIC and ALK concentrations into the surface layer.
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Figure 9. Zonally averaged changes in pCO, from winter to summer. The contribution of each property
(DIC, ALK, and SST) to the seasonal changes in pCO, is calculated via equation (2) in the text.
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Figure 10. Zonal average pCO, (patm) distribution for
each season in the Southern Ocean. (a) Winter (June to
August). (b) Spring (September to November). (¢) Summer
(December to February). (d) Autumn (March to May). The
solid black line shows our mean estimates and blue shading
is the combined random uncertainty and zonal variability.
The dashed line represents atmospheric pCO, in 1995. The
red line shows the zonal mean T02 estimates. For T02, there
is no estimate of uncertainty and the red shading only
represents average zonal variability.

This DIC creates a strong spike in pCO, in the surface water
(>+100 patm), but this is mediated by the coinciding pCO,
drawdown in winter associated with high ALK (>—50 patm).
The AZ wintertime outgassing is therefore half the magni-
tude due to the importance of the ALK cycle (which is
dominated by inorganic biological production and vertical
mixing). Secondly, the anomalously low pCO, values in the
wintertime SAZ arise owing to extensive cooling which
overcompensates the comparatively weaker enrichment of
DIC due to vertical mixing. The ALK cycle plays little role
in the SAZ as opposed to the AZ (Figure 9).

4.3. Comparison With Other Independent Estimates

[38] The T02 pCO, climatology is based on the largest
accumulation of high-quality surface pCO, measurements
and warrants a careful comparison to our empirically
derived estimates. Our summertime pCO, estimates agree
with TO2 (Figure 10). This is encouraging given that
summer is well sampled in the T02 database consequently
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unlikely to have large bias. Furthermore, taking into account
the uncertainties, our estimates are generally in agreement
with T02 in the AZ (south of 55°S). The main differences
between the two estimates are found between autumn and
spring in the SAZ where our estimates are ~10 to 20 patm
lower than T02. As discussed earlier the temperature
component outweighs the DIC component in driving SAZ
pCO, changes with our methodology. Further analysis with
pCO, observations is needed to resolve this discrepancy.
Despite this, both methods suggest a moderate to large
CO, sink in the SAZ with the mechanisms driving this
discussed earlier (Figure 11).

[39] Figure 12 shows our annual estimate for the CO, sea-
air flux for 1995 with negative values implying oceanic CO,
uptake. Table 2 compares our integrated air-sea CO, flux
estimate with other independent methodologies. The most
common oceanographic definition of the Southern Ocean is
the region south of the subtropical front, which is generally
centered around 40°S latitude (Figure 5). Although the
meridional definition varies considerably, most previous

A a) |1 b)

Taka-2002

This Study

Sea to Air Flux of CO. (mmol/m./d)
L

C |
60 50 40 70
Latitude (degS)

60

Figure 11. Zonally averaged sea-air CO, flux for each
season in the Southern Ocean. (a) Winter (June to August).
(b) Spring (September to November). (¢) Summer (December
to February). (d) Autumn (March to May). The solid black
line shows our mean estimates and blue shading is the
associated random uncertainty and combined zonal varia-
bility. The red line shows the zonally averaged T02 flux
estimates. For T02, there is no estimate of uncertainty and
the red shading only represents average zonal variability.
Negative values imply flux into the ocean.
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Figure 12. Annual net sea-air CO, flux (mol CO,/m,/yr) including the effects of sea ice. Negative
values imply flux into the ocean. Sea-ice extent is shown for winter and taken to be the 10%
concentration isopleth. A negative flux implies the ocean to be a sink. Dotted lines show Southern Ocean
Fronts; STF (Subtropical Front); SAF (Sub-Antarctic Front) and PF (Polar Front).

flux estimates have taken the Southern Ocean to be south of
50°S (Table 2). The results show differing magnitudes in the
meridional uptake of CO, in the Southern Ocean depending
on the method used. For the region south of 50°S, we
estimate an oceanic sink of 0.4 + 0.25 Pg C/yr, which is in
reasonable agreement with ocean-based methods such as
T02corr (~0.35 Pg C/yr) and within uncertainties of
Louanchi and Hoppema [2000] (0.5 to 0.8 Pg C/yr) who
use a semiprognostic model constrained to observations
such as chl-a, temperature, salinity and mixed layer depth.
New oceanic pCO, measurements within the Indian sector
of the Southern Ocean point to a weak sink south of 50°S
[Metzl et al., 2006]. Metzl et al. [2006] used seasonal pCO,
measurements from 2000 and extrapolate using the 1-D
biogeochemical model of Louanchi et al. [1996]. They

found a considerably weaker CO, sink south of the Polar
Front (~0.17 Pg C/yr) but within the uncertainty our result
(~0.4 = 0.25 Pg C/yr). They suggested the weaker sink is
due to the inclusion of winter pCO, measurements. The
results from Metzl et al. [2006] and our study suggest the
possibility of winter outgassing south of the PF. South of
50°S our results are within the uncertainties of atmospheric
inversion estimates [Gurney et al., 2002; Patra et al., 2005].

[40] For the sub-Antarctic Zone (SAZ ~40°S—50°S), we
estimate a CO, sink of ~1.1 Pg C/yr which is large thereby
dominating the Southern Ocean air-sea CO, flux. Metzl et al.
[1999] estimated the annual cycle of pCO, in the SAZ by
extrapolating measurements taken within the Indian Ocean to
the circumpolar sub-Antarctic Ocean. They estimate an
annual CO, sink between 1992 and 1995 and 1 Pg C/yr

Table 2. Recent Estimates of the Contemporary CO, Flux in the Southern Ocean

Net Sea-Air CO, Flux, Pg C/yr

Methodology Reference 40°S—50°S  50°S—-60°S  60°S—70°S  40°S-60°S 50°S—70°S 40°S-70°S
Joint atmosphere/ocean [Jacobson et al., 2007] —0.15 £ 0.07*
inversion
Atmospheric inversion [Jacobson et al., 2007] —0.63 £ 0.6"
TRANSCOM-3 [Gurney et al., 2002] —0.1 —0.3
Atmospheric inversion
Atmospheric inversion [Patra et al., 2005] —-0.7
Oceanic inversion [Gloor et al., 2003] ~—0.4 —0.1 +0.3
Oceanic pCO, [Takahashi et al., —0.45 to —0.35
climatology-NCEP 2002] - corrected
10 m winds
Annual pCO, [Metzl et al., 1999] -1
measurements —satellite
winds products
19921995
Winter/summer pCO, [Metzl et al., 2006] —0.17
measurements and
semiprognostic model
Semiprognostic model [Louanchi and —0.5t0 —0.8
with some observational Hoppema, 2000]
constraints (1984—1994)
Oceanic DIC/ALK this study —1.1 £ 0.6 —0.4 +0.25

Climatology—NCEP
10 m winds

#South of 44°S.
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for the circumpolar SAZ, similar to our result of 1.1 PgC/yr.
On further analysis, our estimate is dominated by very large
fluxes with the Pacific sector of the SAZ, and as explained
earlier needs further analysis to understand if this signal is
realistic.

[41] Ocean circulation models also suggest that the South-
ern Ocean is a moderate net CO, sink. These models imply
that the Southern Ocean was a source of CO, to the
atmosphere during pre-industrial times. However, since the
inception of fossil fuel derived CO, to the atmosphere, these
same models predict the Southern Ocean to contribute up to
40% of anthropogenic CO, uptake on a global scale [Orr et
al., 2001]. The natural and anthropogenic CO, fluxes offset
each other resulting in a moderate net CO, sink. This result is
supported to some degree by oceanic inversions where DIC
observations are used in conjunction with ocean transport
models to estimate regional CO, fluxes of both the natural
(pre-industrial) and anthropogenic components.

[42] The discrepancy between oceanic and atmospheric
methodologies is not as apparent when just focusing on
estimates south of 50°S. The processes influencing CO,
uptake in the SAZ (40°S—50°S) differ significantly from
those that are important farther south. Gloor et al. [2003] find
the Southern Ocean (south of 58°S) to be a anthropogenic
CO; sink of ~0.2 Pg C/yr thereby offsetting the apparent
natural CO, source (~0.1 Pg C/yr) giving rise to a small net
CO; sink in 1990 (~0.1 Pg C/yr; see Table 2). Jacobson et al.
[2007] conduct the first inverse analysis of CO, sources and
sinks combining ocean and atmospheric carbon observations.
Using just an atmospheric inverse analysis, Jacobson et al.
[2007] find the Southern Ocean (south of 44°S) to be a
moderate CO, sink of approximately 0.6 Pg C/yr, however
when including the oceanic carbon observations, the South-
ern Ocean sink drops to only 0.15 Pg C/yr. There is a
definite trend to suggest the Southern Ocean (south of 50°S)
is a weak-moderate CO, sink (0.1 to 0.4 Pg C/yr) irrespec-
tive of the atmospheric method [Gurney et al., 2002],
oceanic method [Metzl et al., 2006] (also Takahashi et al.
[2002] corrected flux estimates) or the latest joint atmo-
spheric/oceanic method [Jacobson et al., 2007]. 1t is diffi-
cult to compare estimates within the SAZ since many
methods vary their respective latitudinal bands over this
range. Irrespective of this it will be important to better
constrain SAZ CO, uptake in the future as it seems this is
where most variability among methods lies and the fact that
both T02 and our estimates suggest CO, uptake dominates
in the zone.

5. Error Analysis
5.1. Systematic Errors

[43] There are three issues that could lead to systematic
biases in our approach. First, the extrapolation of DIC/ALK
depends on the quality of the seasonal cycles in hydro-
graphic measurements of T, S, O, and nutrients. Although
there are orders of magnitude more hydrographic measure-
ments available than for carbon, there will still be some
regional biases within the WOAOI1 database. In our empir-
ical fits for both DIC and ALK, temperature/salinity are by
far the most important parameters determining the seasonal
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variations (Table 1). The systematic errors within the
WOAO1 database for theses parameters will likely be small
and therefore have a negligible effect in our extrapolations.
There will be deficiencies especially in the nutrient data-
base, but the impact on the DIC seasonal cycle on the larger
scale is argued to be relatively small owing to the good
comparison between the zonally averaged DIC extrapola-
tions and direct DIC measurements (Figure 3). As discussed
earlier, small-scale variations in the DIC, ALK and pCO,
distributions may very well be systematic biases due to
inadequacies in the WOAO1 database. The importance of
our estimates lie in providing insights on the larger merid-
ional scale. In time the potential systematic biases associ-
ated with the WOAO1 will become smaller with the
continual sampling and the updating of the oceanic data-
base. Secondly, calculating pCO, by assuming a CO,
dissociation constant may also introduce systematic biases
within our approach. Our analysis of over 1500 measure-
ments in the Southern Ocean show a systematic bias of
about 3 patm by using the CO, dissociation constants
proposed by DM87 (Figure 4). This translates to small bias
of 0.06 Pg C/yr, which is about 10% of our final flux
estimate. Finally, the use of wind speeds and/or the chosen
gas transfer relationship could also contribute to systematic
biases. Although there is strong debate over the optimal
combination to use for air-sea gas exchange estimates
[Wanninkhof et al., 2004], we use the same formulation as
T02 so as to serve as a direct comparison.

5.2. Random Errors

[44] The random errors associated with our methodology
are quantified using a Monte-Carlo Gaussian propagation.
The three main sources of uncertainty come about through
uncertainty in the regression analysis for DIC/ALK and the
use of CO, dissociation constants. Assuming each is inde-
pendent we explicitly calculate the pCO, uncertainty distri-
bution for each 1° x 1° pixel in the Southern Ocean, with a
subsequent uncertainty estimate on the air-sea CO, flux. For
the Monte Carlo trials we vary DIC and ALK randomly by £8
and £10 umol/kg respectively within each 1° x 1°grid-box
1000 times to determine the uncertainty on the pCO, distri-
bution. Over most of the Southern Ocean the total uncertainty
in calculating the surface pCO, is about 14 patm. We then
perturb the wind distributions by £2 m/s and calculate the
associated uncertainty distribution on the final CO, flux
estimates at the 68% confidence levels. The final CO, flux
uncertainties range between 0.3 and 2 mol CO,/m,/yr and
are highly correlated with the wind speed distribution owing
to their strong dependence in determining air-sea fluxes.
Our final integrated uncertainty estimate is +£0.25 Pg Clyr,
south of 50° and +0.6 between 40°S and 50°S.

6. Conclusion

[45] Historically, the sampling of Southern Ocean pCO,
has been both temporally and spatially sparse owing to the
remoteness, difficulty and cost of making such measure-
ments. Despite this and the potential biases invoked, from
an oceanic perspective it has been our only means of
estimating the air-sea flux of CO; in the Southern Ocean.
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In this study we use an empirical approach to estimate the
distribution of sea surface DIC, ALK and pCO, in the
Southern Ocean via standard hydrographic parameters that
are not as sensitive to spatiotemporal sampling biases. Our
approach however introduces uncertainty within the empir-
ical estimations themselves and through the calculation of
pCO, via carbonate chemistry although an analysis of over
1500 measurements find this uncertainty to be relatively
small. The advantage of this approach is that the uncertainty
can be explicitly calculated via Monte Carlo Gaussian
propagation and values used as a valuable independent
database to direct pCO, distributions. Furthermore the
reconstructed surface seasonal DIC and ALK distributions
could be important fields to validate ocean biogeochemical
models that experienced difficulties in simulating biological
limitations and colimitations especially in high-latitude
HNLC regions. In calculating the air-sea flux of CO, using
our empirically derived pCO, we have explicitly accounted
for the temporal effects of anthropogenic CO, storage and
sea-ice effects on gas exchange. We estimate a Southern
Ocean CO, sink during 1995 of 0.4 = 0.25 Pg C/yr south of
50°S and combining recent independent estimates implies
the Southern Ocean on a global scale is a weak-moderate
contemporary net CO, sink.
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